The burial of nonpolar surface area is known to enhance markedly the conformational stability of proteins. The contribution from the burial of polar surface area is less clear. Here, we report on the tolerance to substitution of Ser75 of bovine pancreatic ribonuclease (RNase A), a residue that has the unusual attributes of being buried, conserved, and polar. To identify variants that retain biological function, we used a genetic selection based on the intrinsic cytotoxicity of ribonucleolytic activity. Cell growth at 30°C, 37°C, and 44°C correlated with residue size, indicating that the primary attribute of Ser75 is its small size. The side-chain hydroxyl group of Ser75 forms a hydrogen bond with a mainchain nitrogen. The conformational stability of the S75A variant, which lacks this hydrogen bond, was diminished by DDG ¼ 2.5 kcal/mol. Threonine, which can reinstate this hydrogen bond, provided a catalytically active RNase A variant at higher temperatures than did some smaller residues (including aspartate), indicating that a secondary attribute of Ser75 is the ability of its uncharged side chain to accept a hydrogen bond. These results provide insight on the imperatives for the conservation of a buried polar residue.
unclear whether these arguments also apply to buried polar residues.
Recently, the residues critical for the function of bovine pancreatic ribonuclease (RNase A) were revealed by using a novel genetic selection system (Smith and Raines 2006) . Residues found to be essential included the canonical active-site residues (His12, Lys41, and His119), half-cystines, and residues buried in the hydrophobic core (Smith and Raines 2006) . Although serine is the most abundant residue in RNase A, only one of its 15 serine residues was found to be critical (Smith and Raines 2006) . That unique residue is Ser75, which is the most buried of the serine residues (ASA ¼ 1.9 Å 2 ) (Fig. 1A ,B) and is highly conserved among homologous ribonucleases (Beintema 1987; Beintema et al. 1988 ). In the hydrophobic core of RNase A, Ser75 forms two hydrogen bonds with Ile106, another essential residue that expedites protein folding (Coll et al. 1999) . Predictably, replacing Ile106 with (Wlodawer et al. 1988 ) and the program PyMOL (DeLano Scientific). (C) Growth of Origami E. coli cells that produce an RNase A variant containing the indicated amino acid residue at position 75. Plates were incubated at the indicated temperature for 48 h. Cells producing active and thus cytotoxic RNase A variants will be inviable; those producing inactive variants will be viable. (D) Graphical representation of the results from C. Amino acids are listed in order of increasing van der Waals volume (Richards 1974). an alanine residue lowers the value of T m by 14°C (Coll et al. 1999) . No variant at position 75 has been studied previously.
Here, we report on the biochemical attributes that lead to the conservation of a buried polar residue. To do so, we create RNase A variants with each of the 20 proteinogenic amino acids at position 75. We then subject these 20 variants to the extant genetic selection (Smith and Raines 2006) , but at different temperatures so as to glean additional information. Finally, we characterize the five most interesting variants in detail. The results provide a comprehensive picture of the effect of a buried polar residue on the conformational stability and catalytic activity of a protein, and serve to reveal the physicochemical attributes that lead to its evolutionary conservation.
Results

Genetic selection at Ser75
RNase A produced in traditional Escherichia coli strains aggregates to form enzymatically inactive inclusion bodies, as its requisite four disulfide bonds cannot form in the reducing environment of the cytosol (delCardayré et al. 1995) . Engineered E. coli strains, such as the Origami strain (Novagen), provide a more oxidizing cytosol, wherein RNase A can fold (Smith and Raines 2006) . Folded RNase A catalyzes the degradation of bacterial RNA, resulting in cell death. Even leaky expression of wild-type RNase A from the uninduced P tac promoter is adequate to cause cell death (Smith and Raines 2006) .
We used the ability of properly folded, active RNase A to elicit cell death to explore the role of Ser75. Twenty plasmids encoding variants in which position 75 was substituted with all 20 natural amino acids were created by site-directed mutagenesis, and these plasmids were transformed individually into Origami cells. The transformed Origami cells were grown at four different temperatures (23°C, 30°C, 37°C, and 44°C) and selected for growth. At 23°C, no variant reduced the ribonucleolytic activity enough to allow for the growth of E. coli cells (data not shown). Results at the other three temperatures are shown in Figure 1C . At 44°C, which is 17°C lower than the T m value of wild-type RNase A (Table 1) , only serine (wild type) or its substitution with glycine, alanine, or threonine significantly inhibited cell growth. At 30°C, 12 variants were identified (glycine, alanine, serine, cysteine, proline, aspartate, threonine, aspargine, valine, histidine, methionine, and arginine) that inhibited cell growth.
The amino acid substitutions that diminished ribonucleolytic activity sufficiently to allow for the growth of E. coli cells are depicted in Figure 1D , in which the amino acids are listed in the order of their van der Waals volume (Creighton 1993) . The inhibition of growth correlates with the van der Waals volume of the amino acid substitution. At 44°C, the amino acid substitutions that retain enzymatic activity are the smallest amino acids with the exception of threonine, which has a van der Waals volume that is larger than cysteine, proline, or aspartate. The ability of the threonine substitution at position 75 to maintain the catalytic activity and stability of RNase A at 44°C, even with its larger van der Waals volume, suggests that it still forms a hydrogen bond with Ile106.
Data from 37°C and 30°C follow a similar pattern, where growth of the Origami cells is related to the van der Waals volume of the substituted amino acid (Fig. 1D ). At 30°C, there are also outliers to this trend. For example, the van der Waals volume of arginine is 24 Å 2 greater than that of methionine, which is the amino acid with the next closest volume that inhibited growth (Fig. 1D) . To better understand the relationship between the van der Waals volume and hydrogen-bonding capability of amino acid substitutions at position 75 and the resulting ribonucleolytic activity and conformational stability of the RNase A variants, five variants (serine, alanine, (Pace 1990; Eberhardt et al. 1996; Pace et al. 1998 ). e Values of k cat /K M (6SE) were determined for catalysis of 6-FAM-dArU(dA) 2 -6-TAMRA cleavage at 25°C in 0.10 M MES-NaOH buffer (pH 6.0) containing 0.10 M NaCl (Kelemen et al. 1999; Smith et al. 2003) . f A value of DDG was not calculated for this variant because of its sensitivity to a small (and unknown) change in DC p .
threonine, cysteine, and arginine) were isolated (Table 2) and subjected to detailed analysis. These variants were chosen based on their small size (alanine), ability to form a hydrogen bond with Ile106 (serine and threonine), and unexpected retention of ribonucleolytic activity in the genetic selection (cysteine and arginine).
Physiochemical properties of RNase A variants
To insure that all five RNase A variants were folded properly at 25°C, far-UV circular dichroism (CD) spectroscopy was used to discern any changes in secondary structure (Kelly et al. 2005) . Each variant was found to have a similar CD spectrum ( Fig. 2A ), suggesting that substitution at position 75 does not have a large effect on the secondary structure of RNase A. This result is consistent with studies in other proteins, which show that single substitutions tend to have small effects on global protein structure (Matthews 1987; Stites et al. 1991; Chen et al. 1993) . RNase A variants with lower conformational stability (Table 1 ) (arginine and cysteine) did, however, have lower mean residue-weight ellipticity, consistent with minor changes to local secondary structure.
To characterize these RNase A variants further, their conformational stabilities were determined by monitoring their CD spectrum at 215 nm as a function of temperature ( Fig. 2B ; Johnson et al. 2006) . The temperature at the midpoint of the transition curve (T m ) and associated change in enthalpy (DH m ) are listed in Table 1 . A large range of conformational stabilities was generated upon substitution at position 75. Alanine and threonine residues decrease the value of T m by 8°C, whereas arginine decreases the T m by 23°C. A similar trend is observed for the values of DH m , except for the S75C variant, which has a DH m value that is 32 kcal/mol greater than that of wildtype RNase A. The S75C variant exhibits a steady increase in ellipticity following denaturation (Fig. 2B) , suggesting that a two-state model for its unfolding is invalid. This anomalous behavior could be caused by the free cysteine residue in S75C RNase A eliciting dimerization via disulfide bond formation, leading to aggregation. Otherwise, the T m values for the purified RNase A variants closely follow the growth inhibition results (Fig.  1C,D) . The T m values of the S75T and S75A variants are >44°C, that of the S75C variant is >37°C, and that of the S75R is >30°C (Table 1) , demonstrating the ability of the genetic selection to report accurately on conformational stability.
This large variation in other physicochemical attributes of the variants is not reflected in their catalytic activity (Table 1) . At 25°C, all variants have ribonucleolytic activity within twofold of the wild-type enzyme, suggesting, as do the data in Figure 2A , that each variant assumes 
Discussion
Role of a buried polar residue in conformational stability
The neutral theory of molecular evolution states that the vast majority of mutations do not affect the fitness of an organism (Kimura 1968 (Kimura , 1983 . Still, amino acid substitutions often do have detrimental effects on the structure and function of a particular protein (DePristo et al. 2005; Pál et al. 2006) . Understanding the tolerance of specific conserved residues to substitution and the evolutionary pressures that select for conservation could reveal the underlying evolutionary mechanisms and facilitate identification of disease-inducing residues (Benner 2001; Guo et al. 2004; DePristo et al. 2005; Smith and Raines 2006) . We have combined data from a genetic selection with phylogenetic data to investigate these selective pressures as applied to a buried polar residue. As our model system we chose RNase A, which is one of the best-characterized proteins (D'Alessio and Riordan 1997; Raines 1998). In seminal work, Anfinsen used RNase A to show that ''the native conformation is determined by the totality of interatomic interactions and hence by the amino acid sequence, in a given environment'' (Anfinsen 1973) . Subsequently, RNase A has been used to evaluate the factors involved in protein folding and stability, especially disulfide bond formation and prolyl peptide bond isomerization (Wedemeyer et al. 2000 (Wedemeyer et al. , 2002 . The RNase A superfamily has also served as an archetype for studying many aspects of molecular evolution, including mammalian speciation (Beintema 1987; Beintema et al. 1988 Beintema et al. , 1997 Yu and Zhang 2006) , adaptive parallel evolution (Schienman et al. 2006; Zhang 2006) , the shuffling of disulfide bonds (Zhang 2007) , and gene duplication (Sassi et al. 2007 ). Sequences of RNase A homologs have been reported from >200 organisms (Beintema 1987; Beintema et al. 1988 Beintema et al. , 1997 Nitto et al. 2006; Pizzo et al. 2006; Yu and Zhang 2006) , making RNase A an exceptional protein with which to study the selective pressures that lead to amino acid conservation.
We have focused on the basis for the conservation of a particular buried polar residue in RNase A, Ser75. Within the 266 known members of the RNase A superfamily (Smith and Raines 2006) , Ser75 is conserved in 238 (89.5%). This level of conservation is indicative of biological importance. Recently, we showed that Ser75 is indeed critical to ribonuclease function (Smith and Raines 2006) . Still, whether Ser75 played a role in enzymatic catalysis or conformational stability (or both) had been unknown.
The 28 known ribonucleases that diverge from a serine residue at position 75 are listed in Table 3 . Interestingly, each of these divergent ribonucleases has a residue that enables function at 30°C in our genetic selection (Fig.  1C,D) . Moreover, most of the amino acids that replace serine at position 75 in these divergent ribonucleases fall into the subset of smaller amino acids that lead to cytotoxicity at 44°C (glycine, threonine, and cysteine). This direct correlation between the ribonuclease sequence data (Table 3 ) and our genetic selection data (Fig. 1C,D) indicates that a small amino acid at position 75 is necessary for ribonucleases to function properly (Fig. 1B) .
Another salient characteristic of this buried polar residue is its ability to interact with proximal residues (Fig. 1A,B) . The hydrogen bond formed from the hydroxymethyl side chain of Ser75 adds an additional DDG ¼ 2.5 kcal/mol of energetic stability to RNase A over other small amino acids, but this hydrogen bond does not seem to be the only selective pressure. Substitution with threonine maintains ribonucleolytic activity at 44°C (Fig. 1C,D) , presumably because it can form a hydrogen bond from its hydroxyethyl side chain to Ile106. S75T RNase A is, however, not as stable as the S75A variant (Table 1) . Adding a methylene group to the side chain of Ser75 (as in the S75T variant) disrupts the energetic stability of wild-type RNase A more than does removing the oxygen atom from its side chain (as in the S75A variant) (Table 1) . Thus, the amino acid at position 75 in ribonucleases, especially RNase A, appears to have been selected primarily because of its van der Waals volume. Among the amino acids with a small van der Waals volume, serine had been selected because of the additional energetic stability imparted by its ability to form a hydrogen bond with Ile106. Similarly, a conserved glutamate residue in pyrrolidone carboxyl peptidases from hyperthermophiles is completely buried and stabilizes that protein by forming hydrogen bonds with mainchain atoms (Kaushik et al. 2006) .
Hydrogen bonds and conformational stability
The influence of hydrogen bonds on the conformational stability of proteins has generated much interest (Dill 1990; Myers and Pace 1996; Baldwin 2003) . The recent observation by Rose and coworkers that virtually all of the nitrogens and oxygens in proteins participate in hydrogen bonds provides compelling evidence that these hydrogen bonds confer much stability (Fleming and Rose 2005; Rose et al. 2006 ). Pace and coworkers have demonstrated that intramolecular hydrogen bonds increase the packing density and van der Waals interactions of a protein (Schell et al. 2006) . For example, the average volume occupied by a serine side chain decreases by 1 Å 3 when the side chain is engaged in a hydrogen bond.
Ser75 of RNase A appears to function in this dual manner. The main-chain nitrogen of Ile106 needs a hydrogen-bonding partner, and other residues are not in a position to fulfill that role. On average, replacing a serine residue with alanine results in DDG ¼ -1.1 6 1.5 kcal/mol for serine residues that are 77% 6 25% buried from solvent (Myers and Pace 1996) . Ser75 of RNase A falls on the extreme end of this continuum, having DDG ¼ -2.5 kcal/mol (Table 1 ) and being 98.1% buried. These data underscore the importance of the Ser75-Ile106 hydrogen bond to conformational stability. It is noteworthy that the stability conferred by Ser75 is comparable to that measured for the buried hydrogen bond between the side chain of Tyr97 and main-chain oxygen of Lys41 of RNase A (Eberhardt et al. 1996) , as well as buried hydrogen bonds in the microbial ribonucleases, RNase T1 and barnase (Shirley et al. 1992; Chen et al. 1993) . A buried salt bridge in triosephosphate isomerase is likewise critical to the function of that enzyme (Silverman et al. 2001) .
The importance of the Ser75-Ile106 hydrogen bond is apparent from its environment. The relative importance of a particular hydrogen bond to protein stability is related to its mobility (Pace et al. 2001) . Ser75 is packed tightly in the interior of RNase A (Fig. 1B) , being surrounded by seven residues that lie within 3.9 Å . Thus, the Ser75-Ile106 hydrogen bond could contribute to stability not only by its satisfying the hydrogen-bonding requirement of Ile106, but also by eliciting an increase in van der Waals contacts within the hydrophobic core of RNase A.
Conclusions
By combining genetic selection with phylogenetic data, we sought to reveal the characteristics that select for a buried polar residue and understand the tolerance to mutation of this conserved residue. A trend was observed in both genetic and evolutionary selection toward amino acids with small van der Waals volume, implying a requirement for a small amino acid at position 75 to maintain conformational stability. A serine substitution adds an additional 2.5 kcal/mol of energetic stability beyond an alanine residue due to its ability to form a hydrogen bond with Ile106, which could also increase the packing density of the protein interior. Ser75 functions largely to maintain the stability of RNase A, but has no direct impact on its catalytic activity at 25°C. Our genetic selection could be useful to probe the contribution of other ribonuclease residues to their biological function and the selective pressures responsible for their conservation.
Materials and Methods
General
E. coli BL21 (DE3) cells, E. coli Origami B (DE3) cells, and plasmid pET27b(+) were from Novagen. The fluorogenic ribonuclease substrate, 6-FAM-dArU(dA) 2 -6-TAMRA, and DNA oligonucleotides for mutagenesis were from Integrated DNA Technologies. Protein purification columns and the pGEX vector were from GE Healthcare. MES buffer (Sigma-Aldrich) was purified by anion-exchange chromatography to remove trace amounts of oligomeric vinylsulfonic acid (Smith et al. 2003) . All other chemicals were of commercial grade or better, and were used without further purification.
Luria-Bertani (LB) agar was contained in 1.00 L tryptone (10 g), yeast extract (5 g), NaCl (10 g), and agar (15 g). PBS (pH 7.4), was contained in 1.00 L NaCl (8.0 g), KCl (2.0 g), Na 2 H-PO 4 Á7H 2 O (1.15 g), KH 2 PO 4 (2.0 g), and NaN 3 (0.10 g).
Fluorescence spectroscopy was performed with a QuantaMaster1 photon-counting fluorimeter equipped with sample stirring (Photon Technology International). CD data were collected with a model 62A DS CD spectrometer (Aviv) equipped with a temperature controller. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was performed with a Voyager-DE-PRO Biospectrometry Workstation (Applied Biosystems). CD and MALDI-TOF mass spectrometry experiments were performed at the campus Biophysics Instrumentation Facility.
Genetic selection
Variants of RNase A with all 20 amino acids at position 75 were created by using plasmid pGEX-RNase A, which was derived from pGEX-4T3 (Smith and Raines 2006) , and the Quikchange site-directed mutagenesis kit (Stratagene). Codons for position 75 substitution were chosen for optimized protein expression in E. coli, based on known codon usage (Aota et al. 1988) . The presence of Met(-1) has been shown to have no discernable effect on the ribonucleolytic activity or conformational stability of RNase A (Arnold et al. 2002) . The identity of codons at position 75 and elsewhere was confirmed by DNA sequence analysis. Purified plasmid DNA from all 20 RNase A variants was transformed into Origami B (DE3) cells. Transformed Origami B (DE3) cells were spread onto LB agar containing ampicillin (100 mg/mL), kanamycin (20 mg/mL), and tetracycline (12.5 mg/mL), and allowed to grow at 23°C, 30°C, 37°C, or 44°C for 48 h. Results were confirmed by repeating the selection (i.e., transformation, spreading, and growth).
Protein purification
RNase A and variants of RNase A were purified from inclusion bodies by using the same high-yielding procedure described previously (delCardayré et al. 1995; Rutkoski et al. 2005) . A pET27b(+) plasmid containing DNA that encodes wild-type RNase A was used to produce Ser75 variants of RNase A (Leland et al. 1998; Rutkoski et al. 2005 ) using the Quikchange site-directed mutagenesis kit (Stratagene). The molecular mass of each purified RNase A variant was determined with MALDI-TOF mass spectrometry.
Enzymatic activity
The ribonucleolytic activity of wild-type RNase A and its Ser75 variants was determined by using 6-FAM-dArU(dA) 2 -6-TAMRA as the substrate (Kelemen et al. 1999) . Assays were carried out at 23(62)°C in 2.0 mL of 0.10 M MES-NaOH buffer (pH 6.0) containing NaCl (0.10 M). Fluorescence data were fitted to the equation:
In Equation 1, DI/Dt represents the initial reaction velocity, I 0 is the fluorescence intensity before the addition of a ribonuclease, I f corresponds to the final fluorescence intensity after complete substrate hydrolysis, and [E] is the concentration of added ribonuclease.
Secondary structure and conformational stability CD spectroscopy was used to assess the secondary structure of the RNase A variants (Johnson et al. 2006) . A solution of PBS containing an RNase A variant (0.5 mg/mL) was incubated for 5 min at 25°C, and CD spectra were then acquired from 260 to 205 nm in 1-nm increments. CD spectra were collected at least twice for each RNase A variant, and data points are shown as the mean residue-weight ellipticity at each wavelength.
CD spectroscopy was also used to evaluate the conformational stability of the variants of RNase A (Johnson et al. 2006) . PBS containing each of the RNase A variants (0.5 mg/mL) was heated from 25°C to 75°C in 2°C increments. The change in molar ellipticity at 215 nm was measured after a 2-min equilibration at each temperature, and the entire experiment was repeated at least once. Raw CD data at 215 nm were used to determine the values of T m and DH m using Igor Pro 5.04B (Wavemetrics, Inc.) and the Gibbs-Helmholtz equation (Pace 1990; Eberhardt et al. 1996; Pace et al. 1998) :
Values of DC p were held constant (DC p ¼ 0), as the DC p values calculated by fitting the raw CD data to Equation 2 were small compared with DH m . Also, curve-fitting of the raw CD data with and without DC p had no affect on the T m values and only slightly changed the DH m value for wild-type RNase A (<5%). The values of DDG for the S75A and S75T variants were calculated at the T m of wild-type RNase A by replacing T in Equation 2 with the T m values for S75A and S75T, respectively. Analogous values for S75C and S75R were not calculated because their large DT m values impose a high error in the calculation.
